Elevated atmospheric CO 2 concentrations and warming may aff ect the quality of litters of forest plants and their subsequent decomposition in ecosystems, thereby potentially aff ecting the global carbon cycle. However, few data on root tissues are available to test this feedback to the atmosphere. In this study, we used fi ne (diameter ≤ 2 mm) and small (2-10 mm) roots of Douglas-fi r (Pseudotsuga menziesii (Mirb.) Franco) seedlings that were grown for 4 yr in a 2 × 2 factorial experiment: ambient or elevated (+ 180 ppm) atmospheric CO 2 concentrations, and ambient or elevated (+3.8°C) atmospheric temperature. Exposure to elevated CO 2 signifi cantly increased water-soluble extractives concentration (%WSE), but had little eff ect on the concentration of N, cellulose, and lignin of roots. Elevated temperature had no eff ect on substrate quality except for increasing %WSE and decreasing the %lignin content of fi ne roots. No signifi cant interaction was found between CO 2 and temperature treatments on substrate quality, except for %WSE of the fi ne roots. Short-term (≤ 9 mo) root decomposition in the fi eld indicated that the roots from the ambient CO 2 and ambient temperature treatment had the slowest rate. However, over a longer period of incubation (9-36 mo) the infl uence of initial substrate quality on root decomposition diminished. Instead, the location of the fi eld incubation sites exhibited signifi cant control on decomposition. Roots at the warmer, low elevation site decomposed signifi cantly faster than the ones at the cooler, high elevation site. Th is study indicates that short-term decomposition and long-term responses are not similar. It also suggests that increasing atmospheric CO 2 had little eff ect on the carbon storage of Douglas-fi r old-growth forests of the Pacifi c Northwest. Early hypotheses stated that CO 2 -induced reductions in plant tissue quality would yield reduced litter quality, which would slow litter decomposition and litter-mediated nutrient recycling in the soil (e.g., Strain and Bazzaz, 1983 ). An assumption of this hypothesis is that CO 2 -induced reductions in litter quality would be suffi ciently large to result in altered decomposition. Although many studies indicate that rising atmospheric CO 2 concentrations nearly always result in increased living plant tissue C/N ratios, this does not necessarily lead to large changes in C/N ratios of plant detrital material (e.g., Franck et al., 1997; Hirschel et al., 1997; Hu et al., 1999) . Chen et al. (2001) conducted a metadata analysis and found that N concentrations of tree litters including senescent leaves and green leaves produced in elevated CO 2 environments were about 20% lower on average, with a range of 1.1 to 51.5% lower than the control treatment values. However, according to a metadata analysis by Norby et al. (2001) naturally senesced leaves in fi eld experiments showed that the N concentration was 7.1% lower in elevated CO 2 concentration treatments than in ambient CO 2 concentration treatments. Even CO 2 -induced increases in litter C/N ratio have been observed (Ball and Drake, 1997; Hirschel et al., 1997; Robinson et al., 1997; Parsons et al., 2003 Parsons et al., , 2004 Cotrufo et al., 2005) . Th e impact of litter quality on decomposition rates varies from a decrease (Angelis et al., 2000; Parsons et al., 2004) to no change (Couteaux et al., 1999; Johnson et al., 2000; Lutze et al., 2000; Matamala and Schlesinger, 2000; Dilustro et al., 2001; Abbreviations: ACAT, ambient CO 2 and ambient temperature; ACET, ambient CO 2 and elevated temperature; ECAT, elevated CO 2 and ambient temperature; ECET, elevated CO 2 and elevated temperature.
Elevated atmospheric CO 2 concentrations and warming may aff ect the quality of litters of forest plants and their subsequent decomposition in ecosystems, thereby potentially aff ecting the global carbon cycle. However, few data on root tissues are available to test this feedback to the atmosphere. In this study, we used fi ne (diameter ≤ 2 mm) and small (2-10 mm) roots of Douglas-fi r (Pseudotsuga menziesii (Mirb.) Franco) seedlings that were grown for 4 yr in a 2 × 2 factorial experiment: ambient or elevated (+ 180 ppm) atmospheric CO 2 concentrations, and ambient or elevated (+3.8°C) atmospheric temperature. Exposure to elevated CO 2 signifi cantly increased water-soluble extractives concentration (%WSE), but had little eff ect on the concentration of N, cellulose, and lignin of roots. Elevated temperature had no eff ect on substrate quality except for increasing %WSE and decreasing the %lignin content of fi ne roots. No signifi cant interaction was found between CO 2 and temperature treatments on substrate quality, except for %WSE of the fi ne roots. Short-term (≤ 9 mo) root decomposition in the fi eld indicated that the roots from the ambient CO 2 and ambient temperature treatment had the slowest rate. However, over a longer period of incubation (9-36 mo) the infl uence of initial substrate quality on root decomposition diminished. Instead, the location of the fi eld incubation sites exhibited signifi cant control on decomposition. Roots at the warmer, low elevation site decomposed signifi cantly faster than the ones at the cooler, high elevation site. Th is study indicates that short-term decomposition and long-term responses are not similar. It also suggests that increasing atmospheric CO 2 had little eff ect on the carbon storage of Douglas-fi r old-growth forests of the Pacifi c Northwest.
Chemistry and Long-Term Decomposition of Roots of Douglas-Fir Grown under Elevated Atmospheric Carbon Dioxide and Warming Conditions
H. Chen* University of Illinois at Springfi eld P. T. Rygiewicz and M. G. Johnson USEPA M. E. Harmon Oregon State University H. Tian Auburn University J. W. Tang Chinese Academy of Sciences E levated atmospheric CO 2 has been generally shown to decrease the substrate quality of living plant tissues mainly by increasing the C/N ratio or lignin/N ratio via decreasing nitrogen (N) concentration (Strain and Bazzaz, 1983; Mooney et al., 1991; Norby and Cotrufo, 1998; Chen et al., 2001; Graaff et al., 2004) . Early hypotheses stated that CO 2 -induced reductions in plant tissue quality would yield reduced litter quality, which would slow litter decomposition and litter-mediated nutrient recycling in the soil (e.g., Strain and Bazzaz, 1983 ). An assumption of this hypothesis is that CO 2 -induced reductions in litter quality would be suffi ciently large to result in altered decomposition. Although many studies indicate that rising atmospheric CO 2 concentrations nearly always result in increased living plant tissue C/N ratios, this does not necessarily lead to large changes in C/N ratios of plant detrital material (e.g., Franck et al., 1997; Hirschel et al., 1997; Hu et al., 1999) . Chen et al. (2001) conducted a metadata analysis and found that N concentrations of tree litters including senescent leaves and green leaves produced in elevated CO 2 environments were about 20% lower on average, with a range of 1.1 to 51.5% lower than the control treatment values. However, according to a metadata analysis by Norby et al. (2001) naturally senesced leaves in fi eld experiments showed that the N concentration was 7.1% lower in elevated CO 2 concentration treatments than in ambient CO 2 concentration treatments. Even CO 2 -induced increases in litter C/N ratio have been observed (Ball and Drake, 1997; Hirschel et al., 1997; Robinson et al., 1997; Parsons et al., 2003 Parsons et al., , 2004 Cotrufo et al., 2005) . Th e impact of litter quality on decomposition rates varies from a decrease (Angelis et al., 2000; Parsons et al., 2004) to no change (Couteaux et al., 1999; Johnson et al., 2000; Lutze et al., 2000; Matamala and Schlesinger, 2000; Dilustro et al., 2001; King et al., 2001 King et al., , 2005 Finzi et al., 2001; Finzi and Schlesinger, 2002; Weatherly et al., 2003; Johnson et al., 2004) . Norby et al. (2001) also suggested that the altered litter quality produced under elevated CO 2 has a limited eff ect on C dynamics.
Th e meta-analyses conducted by Chen et al. (2001) and Norby et al. (2001) similarly focused on aboveground plant materials. Few studies have examined changes in substrate quality of tree roots under elevated CO 2 concentration and eff ects on subsequent decomposition (Cotrufo and Ineson 1995; Robinson et al., 1997; Dilustro et al., 2001; Matamala and Schlesinger, 2000) . Th e decomposition response of roots produced under elevated CO 2 concentrations may diff er from that of leaves produced under a similar environment as observed for perennial grass species (Gorissen and Cotrufo, 2000) . More studies on substrate quality of tree roots that develop under elevated atmospheric CO 2 concentrations and their subsequent decomposition are needed.
Th e role of altered global climate to aff ect litter quality and the carbon and nitrogen cycles is particularly complex because it involves simultaneous increases in atmospheric CO 2 and temperature (IPCC, 2001) , coupled with variable responses in precipitation patterns (Weltzin and Tissue, 2003) . Many previous studies focused on the eff ects of a single factor such as elevated CO 2 concentrations (Couteaux et al., 1999; Norby et al., 2001) or warming of terrestrial ecosystems (Rustad et al., 2001; Melillo et al., 2002) . Fewer experimental studies have been done examining the interactive eff ects of multiple factors (e.g., elevated CO 2 + warming) on substrate quality of plant materials Parsons et al., 2004; Norby and Luo 2004; Henry et al., 2005) . It remains unclear how elevated atmospheric CO 2 and warming together infl uence substrate quality of plant tissues, especially roots.
Results collected in short-term decomposition studies may diff er from those obtained using longer-term incubation times. Many decomposition studies of litters produced under altered climate environments were conducted during short periods, ranging from 20 to 300 d for laboratory microcosm incubations and up to 1 yr for fi eld studies (Chen et al., 2001) . Th e longest decomposition studies of litter produced under elevated CO 2 environments lasted for 2 yr (Finzi and Schlesinger, 2002; Booker et al., 2005) . Short-term studies are problematic to interpret because litter decomposition curves are exponential and time to achieve most (more than half ) of the weight loss of lignifi ed materials generally is much longer than these periods. For example, Chen et al. (2002) found the decomposition rates of fi ne roots after two years of fi eld incubation were 50% lower than the fi rst-year rates. Th us, longerterm decomposition experiments are needed to determine the potential eff ects of climate change on substrate quality of plant tissues and their subsequent decomposition.
Even though Douglas-fi r (Pseudotsuga menziesii (Mirb.) Franco) is the most important timber species in the Pacifi c Northwest of the United States and southwestern Canada (Little, 1971) , its growth responses under elevated atmospheric CO 2 concentrations and global warming have been studied only minimally . To understand more comprehensively the interactive eff ects of elevated atmospheric CO 2 and temperature on this species, a 4-yr exposure experiment was conducted using seedlings at the USEPA Western Ecology Division in Corvallis, OR, USA (Tingey et al., 1996) . As a component of the larger project, this study considered how the substrate quality of roots of Douglas-fi r produced in the controlled-environment chambers was aff ected by the treatments and how the fi ne and small root fractions decomposed in the fi eld during a 3-yr incubation that followed the exposure study in the chambers.
Materials and Methods

Elevated Atmospheric Carbon Dioxide and Warming Experiment
A study of ecosystem responses to elevated atmospheric CO 2 and temperature was initiated in July 1993 using 12 outdoor, sunlit controlled-environment chambers at the EPA lab in Corvallis, OR which control and monitor climatic and edaphic conditions while maintaining natural diurnal and seasonal variability (see Tingey et al. [1996 Tingey et al. [ , 2003 for details of the facility and its operation). Each chamber consisted of a water-tight soil lysimeter with a 1 × 2 m footprint and a 1-m depth which was covered with an aluminum-framed canopy (1.1 to 1.3 m height) that was covered with a clear stretched Tefl on skin to form the aboveground chamber. Th e mineral soil and litter layers were obtained from the perimeter of an old-growth Douglas-fi r stand located at 1200 m on the western slope of the Oregon Cascade Mountains. Th e soil was a coarse-loamy, mixed, frigid, Typic Hapludand. It was removed from the collection site by horizon, well mixed by horizon at the EPA chamber facility, sieved to 2.5 cm, and then the soil was placed by horizon into the lysimeters and tamped to achieve a bulk density similar to that measured at the soil collection site. Six cm of air-dried litter layer was added to the top of the mineral soil. Th e litter layer consisted of sieved (2.5 cm) forest fl oor that was also collected at the soil collection site. Fourteen 2-yr-old Douglas-fi r seedlings, grown from seeds collected from open-pollinated trees in fi ve low-elevation (< 500 m) seed zones in the mountains surrounding Corvallis, were planted in each chamber in June 1993 and grown as described in Olszyk et al. (2003) . Initial soil N concentration was low with a value of 0.18%. No fertilizer was added during the exposure period. Instead, seedlings relied on the native nutrient capital of the soil and the nutrients from mineralization. Th e annual N uptake of the site where soils were collected for the experiment is about 3.5 g N/m 2 /yr. Th is was estimated based on the N requirement of new tissue, i.e., net primary production (NPP) per foliage (litterfall), wood (tree rings), and fi ne roots (based on turnover estimates) (R. McKane, personal communication, 2007) .
A 2 × 2 factorial design with three replicates of each treatment was used, with the chambers serving as the experimental unit. Th e four treatments were: ambient CO 2 and ambient temperature (ACAT), ambient CO 2 and elevated temperature (ambient + 3.8°C) (ACET), elevated CO 2 (ambient + 180 ppm) and ambient temperature (ECAT), and elevated CO 2 and elevated temperature (ECET). Ambient conditions were determined at the on-site meteorological tower located adjacent to the chambers. Details about the precision and accuracy of the facility to provide the treatment target values during the fi rst year of exposure are presented in Tingey et al. (1996) .
Preparation of Roots
After 4 yr of treatment the Douglas-fi r seedlings were harvested in the summer 1997 for intensive measurements on the soil and fresh plant material (see Olszyk et al. [2003] for details). Briefl y, the entire root system of three of the 14 seedlings in each chamber was carefully removed from the soil by horizon and separated from the soil by sieving. Th ey were rinsed, sorted by diameter (fi ne roots with diameters ≤ 2 mm; and small roots, diameter 2-5 mm), and then air dried at room temperature to a constant weight. Moisture contents of air-dried fi ne roots averaged 6.0% with a standard deviation of 0.5% (n = 5); comparable values for small roots were 9.2 and 0.7% (n = 5). All twelve chambers were sampled over a 7 wk fi nal harvest period to allow time for intensive measurements to be made on the seedlings and soil from each chamber. As the trees in the chambers not yet harvested were still growing during the 7 wk harvest, presenting the possibility that additional seedling growth could aff ect the results among treatments, chambers were sampled according to the block design established for the exposure study such that one replicate per treatment was harvested in each of the beginning, middle, and fi nal phases of the harvest.
Decomposition Field Sites
Th e 3-yr decomposition study was conducted at two Douglas-fi r forested fi eld sites on the western slope of the Oregon Cascade Mountains. Th ese two sites are at diff erent elevations with one site at 537 m (low site, 44°23'37" N, 122°22'18" W) and the other at 1200 m (high site, 44° 25'29" N, 122°01'54" W). Th ere were two replicate plots for the decomposition study at each site. Th e mineral soil and litter used in the chambers was obtained from the high elevation site. More detailed edaphic characteristics of the sites are presented in Tingey et al. (2005) . Briefl y, the high-site soil was derived from similar parent material as found at the low site, but appears to be much younger. Th e soil at the high site is classifi ed as a Medial-skeletal, Typic Fulvicryands, formed from a parent material of volcanic ash over volcanic ash mixed with glacial till, and has a total soil N of 0.15%. Th e low-site soil is classifi ed as a fi ne-loamy, mesic, Andic Dystrudepts, formed from a parent material of volcanic ash over weathered volcanic ash over weathered tuff and breccia bedrock. Th e soil has 0.25% total soil N. Th e region experiences a maritime climate with wet relatively mild winters, and dry cool summers ( Fig. 1) . Th e average annual precipitation of the high and low elevation sites between 1999 and 2002 was similar with values of 1162 mm and 1203 mm, respectively (Fig. 1A) , with a greater percentage of the precipitation falling as snow at the high site. Th e average monthly air temperature for a 12 consecutive month period for the high and low elevation sites was 6.5 and 8.9°C, respectively (Fig. 1B) . Similarly, comparable values for average monthly soil temperature at 15-cm depth were 5.9 and 8.8°C, respectively. Soil temperature (Campbell 107B soil thermistor) was measured continuously at 15 cm at one location at each forest site and data were stored as hourly means on CR10 data loggers (Campbell Scientifi c, Logan, Utah).
Long-Term Root Decomposition Experiment
Th e 3-yr root decomposition study used the litterbag approach. Before deploying the litterbags in the fi eld, approximately either 4.5 or 8 g of air-dried fi ne and small roots, respectively, were put into 20 × 20 cm dacron cloth litterbags with an eff ective mesh size of 50 μm. Each litterbag was tagged with a uniquely numbered aluminum tag, and then the labeled bags were tethered with nylon line for each site according to the date of harvest. Th e tethered labeled bags were placed in angled slots cut in the soil to about 20 cm with a shovel at each of two replicate plots at each of the two elevation sites in September 1999. Following placement of a litter bag the shovel was removed and the soil was tamped to close the slot and to ensure good soil-litterbag contact. A total of 128 fi ne root litterbags and 64 small root litterbags were buried at the four plots (two low elevation plots and two high elevation plots) for the 3-yr study. Harvests of fi ne root litterbags occurred eight times: 3, 6, 9, 12, 18, 24, 30, and 36 mo after being buried. Harvests of small root litterbags occurred 6, 12, 24, and 36 mo after burial. After being removed from the soil at harvest each litterbag was placed into a sealable plastic bag on site to reduce moisture loss from the roots and then placed in a cooler. Upon returning to the lab, roots were carefully brushed free of soil and other debris, and new roots that had grown into the litterbags were removed. Samples were dried to a constant mass at 65°C and then weighed. Dried root samples were ground in a Wiley mill and passed through a fi ne screen (1 mm). Samples were stored in 20-mL vials to reduce moisture changes before analyzing them for ash content and N concentration. Mass loss of roots was estimated from changes in ash-free dry mass of roots based on sample harvests at diff erent time intervals. Analyses of ash and N concentrations of roots including the initial roots and all the decomposed roots harvested from the two sites were performed at the Soils Laboratory of the Department of Forest Science, Oregon State University. Ash concentration was determined by heating samples in a muffl e furnace at 500°C for 4 h. Results for ash content were used to calculate the ash-free weights reported herein. N concentration of roots was measured by Carlo-Erba C-N analyzer. In addition, the initial organic constituents of roots were analyzed by proximate carbon analysis (n = 3; Chen et al., 2002) . Th e constituents analyzed included nonpolar extractives (NPE: fats, oils, and waxes) using dichloromethane as the extratant (Effl and 1977) , hot water-soluble extractives (Chen et al., 2002) , the acid-hydrolyzable fraction (cellulose, hemicellulose, and starch; hydrolysis followed by the phenol-sulfuric acid assay; Dubois et al., 1956) , and the acid-resistant fraction (Effl and 1977) . Although the acid-resistant fraction includes recalcitrant carbon compounds besides lignin (e.g., suberin), we simply refer to this fraction as "lignin."
Statistical Analysis
A two-way analysis of variance (ANOVA) was used to compare the eff ects of the elevated CO 2 and warming treatments on the chemical quality of roots of Douglas-fi r produced after 4 yr of exposure. Th e chemical quality indices examined included total carbon concentration (%C), total nitrogen concentration (%N), C/N ratio, nonpolar extractable (%NPE), water-soluble extractives (%WSE), acid-soluble cellulose and hemicellulose (%cellu-lose), acid-insoluble carbohydrate (%lignin), and lignin/N ratio. We used a three-way ANOVA to determine how the treatment conditions under which the roots were produced, root size, and the fi eld incubation sites infl uenced root mass loss after various lengths of incubation during 3 yr. Th e two-way and three-way statistical analyses were conducted using SAS (SAS Institute Inc., 2002) . Diff erences between means were detected using Fisher's protected least signifi cant diff erence (LSD).
A single-exponential model was fi tted to the mass of roots remaining during 3 yr of decomposition using the least squares method of the GLM procedure of SAS (SAS Institute Inc., 2002):
where Y o is the percentage of initial mass of roots, Y t is the percentage of initial mass of roots remaining at time t, and k is the decomposition rate constant of the roots. Th e k value was calculated from the linear regressions of the natural logarithm (ln) of the percentage of initial mass of roots remaining vs. time. For roots from each of the four exposure treatments, the mean percentage of initial root mass remaining, at the various times, for the two plots at each site, rather than values for remaining root mass of individual litterbags was used in these regressions. Th e half-life (time for half of the initial mass to be lost) and the 95% time (time for 95% of the initial mass to be lost) of the roots produced in the various exposure treatments were calculated from the single-exponential models. Th e eff ects of initial root substrate quality on k were evaluated by using the p value of a simple regression using the GLM procedure of SAS (SAS Institute Inc., 2002) . A linear regression was developed with k as the dependent variable and each initial root quality index (as indicated above) as the independent variable.
Results
Initial Litter Chemistry of Roots
After nearly 4 yr of continuous exposure, elevated CO 2 signifi cantly increased %WSE of roots of both size fractions (Table  1) . Similarly, elevated CO 2 signifi cantly aff ected initial %NPE of roots, although the eff ect varied with root size. For fi ne roots (≤ 2 mm diameter) under elevated CO 2 , %NPE decreased while %NPE of small roots (2-5 mm diameter) increased. However, elevated CO 2 did not aff ect %N, %C, C/N ratio, %lignin, and lignin/N ratio of the roots, regardless of root size.
Elevated temperature signifi cantly aff ected %WSE and %lignin of fi ne roots (Table 1) . Average %WSE of fi ne roots was higher in the warming treatment compared with the fi ne roots from the ambient temperature control. In contrast, the average %lignin of fi ne roots produced under elevated temperature was lower than comparable values for the control. Th e %C of small roots decreased slightly under elevated temperature. For most initial substrate quality indices of roots, elevated temperature had no signifi cant eff ect. No signifi cant interactions were found between the CO 2 and temperature treatments on the initial substrate quality of roots except for %WSE of fi ne roots.
Mass Loss during Shorter-Term Decomposition
During the fi rst 9 mo of fi eld incubation, decomposition of roots was signifi cantly aff ected by the exposure treatments. Th e roots from the double ambient control (ACAT) had the slowest decomposition rates on the two sites, losing 8.6, 9.2, and 12.2% of their initial mass on average after 3, 6, and 9 mo of decomposition, respectively (Table 2, Fig. 2) . Th e decomposition of roots from the other three treatments (ACET, ECAT, and ECET) did not diff er from each other and all were higher than the control. For example, fi ne roots produced in the ACET treatment lost 11.9, 12.9, and 16.7% of initial mass after 3, 6, and 9 mo of decomposition, respectively.
Generally, during the fi rst 9 mo of decomposition, the incubation site did not signifi cantly aff ect root decomposition rates (Table 3) . Th e only exception to this was the root mass loss data after 6 mo of decomposition. Th ere were no interactive eff ects of exposure treatment, root size, and incubation site on weight loss during the fi rst 9 mo.
Mass Loss during Longer-Term Decomposition
Roots from the various exposure treatments showed no statistically signifi cant diff erence in decomposition between 9 and 36 mo of fi eld incubation (Tables 2, 3 and Fig. 2) . Th e % fi ne root mass remaining for the ACAT, ACET, ECAT, and ECET treatments was 65.6, 57.8, 66.9, and 64.8, respectively, after 36 mo of decomposition ( Fig. 2A) . Th e % of small root mass remaining for the ACAT, ACET, ECAT, and ECET treatments was 68.8, 65.5, 69.8, and 70.4%, respectively, for the same period. It is interesting to note that the size of the roots did not signifi cantly aff ect weight loss except during the fi rst 6 mo of incubation (Tables 2 and 3) .
Th e eff ect of the incubation site on weight loss started to appear after the roots were buried for 1 yr (Table 3) . Roots at the low elevation site decomposed signifi cantly faster than the ones at the high elevation site regardless of exposure treatment or root size (Table 2) . Th e eff ect of incubation site on weight loss lasted much longer than did exposure treatment eff ects (Table 3) . After 3 yr of decomposition at the low elevation site, the % fi ne root mass remaining for the ACAT, ACET, ECAT, and ECET treatments was 64.9, 54.9, 61.6, and 62.1%, respectively. However, the % fi ne root mass remaining for the ACAT, ACET, ECAT, and ECET treatments at the high elevation site were 66.2, 60.6, 72.1, and 67.6, respectively, for the same period. Th ere was no signifi cant interaction between exposure treatment and incubation site on decomposition rates during the 36-mo incubation except at one harvest date (Table  3) . No other signifi cant interactions were observed.
Decomposition Rate Constant (k)
Th e decomposition rate constant values varied with the exposure treatment from which the roots originated and decreased over the length of incubation, especially during the fi rst 9 mo (Table 4) . After 3 mo of decomposition, the values of k of fi ne roots in increasing order were 0.36, 0.40, 0.48, and 0.51/year for ACAT, ECAT, ECET, and ACET, respectively. Similar relative patterns for k of fi ne roots occurred after 6 and 9 mo of incubation. Th e eff ect of exposure treatment on k value decreased as the length of incubation increased until it disappeared after 9 mo. Th e average k values of fi ne roots, derived from the regression of a single-exponential model using data from all the sampling times of the 36 mo incubation period were 0.14, 0.13, 0.15, and 0.16/year for ACAT, ECAT, ECET, and ACET, respectively. Th e k values of fi ne roots were 0.15, 0.15, 0.15, and 0.17/year for ACAT, ECAT, ECET, and ACET at the low elevation site, in comparison with 0.13, 0.12, 0.12, and 0.15/year for ACAT, ECAT, ECET, and ACET at the high elevation site, respectively. 131 ± 20 128 ± 6 115 ± 5 ns ns ns † NPE, nonpolar extractable(fats, oils, and waxes); WSE, water-soluble extractives; cellulose, acid-soluble cellulose and hemicelluloses; and lignin, acid-insoluble carbohydrate. The total of these four chemical components is equal to 100%. ‡ FS, fi ne roots (< 2 mm in diameter); SS, small roots (2-5 mm in diameter). § ACAT, ambient CO 2 and ambient temperature; ACET, ambient CO 2 and elevated temperature; ECAT, elevated CO 2 and ambient temperature; ECET, elevated CO 2 and elevated temperature. Values are means ± SD of three replicates. ¶ *P < 0.05; **P < 0.01; Temp refers to temperature. After 6 mo of decomposition, the values of k of small roots in increasing order were 0.14, 0.16, 0.17, and 0.18/year for ACAT, ECAT, ECET, and ACET, respectively. Only the k value of small roots from ACAT was signifi cantly diff erent from the values for roots originating from the other exposure treatments. After 3 yr of decomposition, there was no signifi cant diff erence in the k value for small roots with values of 0.13, 0.11, 0.11, and 0.13/year for ACAT, ECAT, ECET, and ACET treatments, respectively (Table 4) . Th e k values of Douglas-fi r small roots were greater at the low elevation site compared with the comparable values at the high elevation site (Table 5) .
Eff ects of Initial Substrate Quality on k Value
Decomposition rate constants of roots were signifi cantly correlated with several of the initial root substrate quality indices that were measured on the roots soon after they were harvested from the chambers (Table 6 ). After the fi rst 3 mo of decomposition, none of the eight initial substrate quality indices of the roots was signifi cantly correlated with the k value of fi ne roots. However, after 6 mo of incubation, initial %WSE and %C were signifi cantly and positively correlated with k values of fi ne roots and small roots, respectively. Th e k value of fi ne roots removed after 9 mo of decomposition were signifi cantly correlated with three out of the eight initial substrate quality indices, including %WSE, %C, and lignin/N ratio. After 3 yr of decomposition, initial lignin/N ratio was the only index signifi cantly correlated (negatively) with k value of fi ne roots. For small roots after 3 yr of incubation, none of the initial substrate quality indices were correlated with k the value.
Discussion
Eff ects of Elevated Atmospheric Carbon Dioxide Concentrations and Warming on Substrate Quality of Roots
Several studies have reviewed the literature on the chemistry of litter produced under elevated atmospheric CO 2 concentrations (Couteaux et al., 1999; Chen et al., 2001; Norby et al., 2001) . Chen et al. (2001) conducted a metadata analysis and found that the average %N of tree litters including senescent leaves and green leaves produced in elevated CO 2 environments were about 20% lower than the average for the control CO 2 level, ranging from 1.1 to 51.5% less than the control. However, naturally senesced leaves in fi eld experiments showed that the N concentration in leaf litter was 7.1% lower in elevated CO 2 concentration than that under ambient CO 2 concentration . Our data indicate that 4 yr of exposure to elevated atmospheric CO 2 concentrations had no eff ect on %N of Douglas-fi r roots (Table 1) . A similar fi nding was reported by for a diff erent sample of roots produced in these chambers. However, the %N of Douglas-fi r needles from the same NA ns NA ns NA ns NA ns † *P < 0.05; **P < 0.01; *** P < 0.001; ns, not signifi cant (P > 0.05); NA, not applicable because only fi ne roots were collected after 3, 9, 18, and 30 mo of decomposition. project decreased under elevated CO 2 treatment compared with the levels found for control needles (Lewis et al., 2001; Olszyk et al., 2003) . Lewis et al. (2004) further reported that elevated CO 2 led to photosynthetic acclimation, which may account for a decreased requirement for N by needles under elevated CO 2 . Tingey et al. (2003) suggested that under elevated CO 2 needle N was allocated to other tissues as an explanation of why the %N decreased in the elevated CO 2 treatment. Our study suggests that %N of roots is less responsive to elevated CO 2 exposure than %N of needles produced by seedlings growing on this N-poor soil. For this plant-soil system, needle %N of Douglas-fi r was less than 1% while soil N content in the A horizon was as low as 0.11% . As our data indicate that the %N of roots was not altered by elevated CO 2 , the putative needle N translocated to other tissues suggested by Tingey et al. (2003) may have been allocated to the extramatrical hyphae of ectomycorrhizal fungi as shown by Hobbie et al. (2007) . Surprising to us was the increased %WSE of roots produced under elevated CO 2 (Table 1) which primarily includes watersoluble sugars and water-soluble phenols (Chen et al., 2002) . Most of the compounds that constitute the water-soluble extractives are easily decomposed while the constituents of the water-soluble phenols are more recalcitrant (Chen et al., 2002) . Although the constituents of these two extract groups were not characterized in our study, content of water-soluble sugar and water-soluble phenols generally is similar; about 25% of WSE based on carbon fraction data of fi ne roots of Douglas-fi r was found in a separate study in the Pacifi c Northwest (Chen et al., 2002) . Tingey et al. (2003) reported the principal carbon constituents of several size classes (< 1 mm to > 10 mm dia.) of a separate cohort of these roots, also sampled at the fi nal harvest of the exposure study. Th e water-soluble extract was further characterized into total reducing sugars and phenols. No signifi cant CO 2 or temperature eff ects were found in any root size fraction for total reducing sugars and phenols constituents.
Fig. 2. Root decomposition as indicated by percent of mass remaining of initial roots. (A) Fine roots ( ≤ 2 mm diameter) and (B) Small roots (2-5 mm diameter).
It is not clear why elevated CO 2 diff erentially aff ected %NPE of fi ne roots and small roots. Th e %NPE of fi ne roots was signifi cantly lower in the elevated CO 2 treatment while the %NPE of small roots was higher under the same treatment (Table 2) . Th e %NPE fraction was determined using dichloromethane as the extratant, and includes fats, oils, and waxes (Effl and, 1977) which usually are diffi cult for microbial organisms to decompose.
Out of the eight substrate quality indices examined in this study, the elevated temperature treatment signifi cantly aff ected %lignin and %WSE of fi ne roots (Table 1) . Elevated temperature signifi cantly decreased %lignin of fi ne roots, a result consistent with those of Tingey et al. (2003) . Elevated temperature also increased %WSE of fi ne roots as EC treatment (elevated CO 2 ) did on fi ne roots. Th ere were no signifi cant interactions between CO 2 and temperature on root tissue quality except for %WSE of fi ne roots, which is consistent with the results of Olszyk et al. (2003) . Th us, elevated CO 2 and temperature treatments generally increased the substrate quality of Douglas-fi r roots by increasing %WSE and decreasing %lignin, a fi nding quite diff erent from previous literature reviews (Chen et al., 2001; Norby et al., 2001 ).
Controls on Short-Term Root Decomposition
Litter decomposition is profoundly infl uenced by substrate quality, climate, and the decomposer community (Heal et al., 1997; Chen et al., 2001 Chen et al., , 2002 . However, the relative importance of these factors at diff erent stages of decay is poorly understood. During short-term (≤ 9 mo) root decomposition in our study, the exposure treatments that the roots were grown under signifi cantly aff ected decomposition rates; roots from the elevated CO 2 and temperature exposure decomposed faster than roots from the respective control (Table 2 , 3, 4 and Fig. 2 ). Both the mass of decomposing roots remaining (Table 2 ) and the decomposition rate constant (k) (Table 4) confi rm this pattern. Th e fast decomposition rate is likely due to the higher %WSE because 37.5 † *P < 0.05; **P < 0.01; *** P < 0.001. ‡ ACAT, ambient CO 2 and ambient temperature; ACET, ambient CO 2 and elevated temperature; ECAT, elevated CO 2 and ambient temperature; ECET, elevated CO 2 and elevated temperature. § Each data point is the mean of two samples at each site. −kt where Y t is the mass remaining of roots after decomposition of t year, Y o was the initial mass, and k is the decomposition rate of constant. ‡ The single-exponential model above fi t the remaining mass of decomposing roots, which was collected 8 and 4 times for fi ne roots, small roots, respectively, during 3 yr of decomposition.
§ NPE, nonpolar extractable (fats, oils, and waxes); WSE, water-soluble extractives; cellulose, acid-soluble cellulose and hemicelluloses; and lignin, acid-insoluble carbohydrate. The total of these four chemical components is equal to 100%.
these compounds are easily decomposed or dissolved. In contrast, roots from the double ambient control (ACAT) always had the lowest %WSE (Table 1) . Th is is confi rmed by the positive correlation between the initial %WSE and the k value after the fi rst 9 mo of decomposition (Table 6 ). During the fi rst 9 mo, the incubation location did not generally aff ect root decomposition (Table 2 and 3) . Further, results from multiple ANOVAs including only mass loss data of fi ne roots confi rm this observation. Th us, the initial substrate quality of roots, especially that of the fi ne roots, not the incubation site, was the dominant driver controlling the short-term decomposition (≤ 9 mo). Th e diff erences in initial substrate quality, particularly %WSE, and caused by elevated CO 2 and temperature, were suffi ciently large to show an eff ect on root decomposition after 9 mo of incubation.
Controls on Longer-Term Root Decomposition
Diff erences in root initial substrate quality among the exposure treatments were sustained through the fi rst 9 mo of decomposition (Table 3) . Over the longer-term incubation period (9-36 mo) the eff ects of initial substrate quality on root decomposition diminished. In contrast, we found that the incubation site signifi cantly controlled root long-term decomposition (Table 3) . Th e major difference between the two incubation sites was the annual mean air and soil temperatures (15-cm depth) (Fig. 1B) with the low elevation site being 2.4 and 2.9°C warmer than the high elevation site, respectively. Th e annual precipitation at the two sites is similar (Fig.  1A) . Th e warmer conditions at the low elevation site enhanced decomposition regardless of the root sources or root sizes (Tables  2, 5 ) and was especially evident for small roots. Small roots at the low elevation site lost on average 38.4% of their initial mass versus 24.3% at the high elevation site after 3 yr of decomposition. In contrast, comparable values for fi ne roots were 39.1 versus 33.4% for the same time period. Only initial lignin/N ratio showed a signifi cant and negative correlation with k value after 3 yr of decomposition (Table 6 ). As there was no signifi cant diff erence in initial lignin/N ratio among the roots, this result further suggests that the diff erence in initial substrate quality exerted little infl uence on longer-term decomposition. Our fi ndings are consistent with those of Norby et al. (2001) ; any diff erences in litter quality produced under elevated CO 2 had limited eff ect on C dynamics.
Evaluating the "Negative-Feedback" Hypothesis
Th e "negative-feedback" hypothesis predicts that elevated atmospheric CO 2 concentrations generally decrease substrate quality of living plant tissues mainly by decreasing %N and increasing the C/N ratio (Strain and Bazzaz, 1983; Mooney et al., 1991; Chen et al., 2001; Graaff et al., 2004) ; the resulting reductions in litter quality slows litter decomposition and litter-mediated nutrient recycling in the soil (e.g., Strain and Bazzaz, 1983) . Our short-term (≤ 9 mo) decomposition results did not support this "negativefeedback" hypothesis. First, the elevated CO 2 and temperature exposures used to produce the roots actually increased the substrate quality of the Douglas-fi r roots. Second, due to the increased substrate quality, roots produced by these altered climate treatments decomposed faster than roots originating from the ACAT control treatment. Although it is not clear exactly how litter-mediated nutrient cycling responded over time in our study, our results do not support the "negative-feedback" hypothesis. Instead, our data suggest that a "positive-feedback" mechanism may have occurred in this plant-soil system, at least in a short-term period. Th is is because roots produced in the elevated CO 2 and temperature exposures had increased substrate quality which apparently leads to faster rates of root decomposition and higher rates of release of carbon into the atmosphere from decomposition. Although our root decomposition study was not conducted in chambers in which the Douglas-fi r seedlings were exposed to the climate treatments, Lin et al. (2001) reported that soil CO 2 effl ux in these chambers increased about 20 and 17% under elevated CO 2 during Years 1 and 2 of the exposure, most likely due to increased decomposition of the various litters including dead fi ne roots. Although neither elevated atmospheric CO 2 nor elevated temperature aff ected fi neroot production, mortality, or standing crop , the increased soil CO 2 effl ux in the Years 1 and 2 under elevated CO 2 may be in part due to the faster decomposition of dead fi ne roots, which had a higher %WSE under elevated CO 2 treatments.
Our longer-term (9-36 mo) decomposition results also did not support the "negative-feedback" hypothesis, given no signifi cant diff erences in loss of root mass and k values were observed after 3 yr of decomposition. Th e initial diff erences in root substrate quality among the treatments diminished after 9 mo and then the incubation location became the dominate factor infl uencing root decomposition accompanied by a weak substrate-environment interaction.
Implications for Carbon Storage of Douglas-Fir Forests
How will elevated CO 2 and warming infl uence carbon storage of Douglas-fi r forests in the Pacifi c Northwest? As we know that ecosystem carbon storage includes carbon in soil and plants, the amount of carbon stored in these two components is determined by many processes, among them photosynthesis and aboveground plant respiration, weathering, mineralization, and nutrient uptake, and soil respiration (e.g., root respiration, microbial respiration related to litter decomposition, and oxidation of soil organic matter) (Chapin et al., 2002) . Th e chamber facility in Corvallis utilized a model reconstructed Douglas-fi r seedling-native soil ecosystem and our study was part of this larger comprehensive project by considering the decomposition of roots grown under diff erent CO 2 and warming conditions. Before addressing the question above, we review some of what was learned about this system. Lewis et al. (2001) reported that elevated CO 2 and temperature increased net photosynthesis. At the end of the 4-yr exposure period, Olszyk et al. (2003) found that neither elevated CO 2 nor temperature affected seedling biomass production or allocation (both in total and proportional amounts) to any plant organ, including leaves, fi ne and coarse roots, buds, branches, and stems. Johnson et al. (2006) further indicated that both elevated CO 2 and elevated temperature did not aff ect fi ne root production, mortality, or standing crop, although fi ne roots appeared to root deeper in the soil profi le under elevated CO 2 and temperature treatments. Th ese results suggest that any additional C fi xed due to increasing photosynthesis was not allocated to plant biomass. In contrast to photosynthesis, soil CO 2 effl ux increased about 20% with elevated CO 2 and 41% with elevated temperature relative to controls during Year 1 of the study. However, these values decreased to 17 and 16%, respectively, during Year 2 of the study (Lin et al., 2001) . By Years 3 and 4, neither elevated CO 2 nor elevated temperature stimulated soil CO 2 effl ux . In most cases, litter decomposition was the dominant component of soil CO 2 effl ux in this system (Lin et al., 1999 (Lin et al., , 2001 . Hobbie et al. (2004) used isotopic 13 C to estimate new carbon inputs into litter and soils and concluded that neither elevated CO 2 nor temperature aff ected soil carbon sequestration patterns in the A horizon under the nitrogen-limiting conditions. Our study adds information on the eff ects of elevated CO 2 and temperature on root substrate quality and short-and longer-term root decomposition. Taken collectively, these results indicate that elevated CO 2 had little eff ect on the carbon storage of the seedlings and suggest that Douglas-fi r forests of the Pacifi c Northwest may respond similarly. Th e lack of treatment eff ects is probably due to N constraints on the plant-soil-litter system in this N-limited system as indicated by Hobbie et al. (2007) . Th ey concluded that the trends found of greater carbon allocation to mycorrhizal hyphae under elevated CO 2 , or of increased carbon allocation to saprotrophic hyphae under elevated temperature would constrain overall system N availability. Th is would occur by favoring N uptake by the plants in the former situation, and N immobilization to support litter decomposition in the latter. Our fi ndings are consistent with those found in the N-limited Duke Forest free-air CO 2 enrichment experiment, in that elevated CO 2 had little effect on carbon storage in woody tissues (Oren et al., 2001 ) and a very limited eff ect on increasing carbon storage in mineral soils in a loblolly pine forest without added nutrients (Schlesinger and Lichter, 2001) .
More studies are needed to address the eff ects of elevated atmospheric CO 2 concentrations and associated climate change on carbon storage of Douglas-fi r forests, specifi cally to understand the dynamic link between CO 2 fertilization and soil nutrient capital. In our 3-yr root decomposition study, roots decomposed signifi cantly faster at the warmer (low elevation) site than at the colder (high elevation) site, suggesting global warming would enhance the decomposition process unless precipitation levels and/ or soil moisture conditions were to become limiting. We need to understand better how the carbon and nitrogen cycles interact in such N-limited systems, which comprise about 30% of the Douglas-fi r forests in the Oregon Cascade Mountains and which were represented by the reconstructed ecosystem studied herein.
Conclusions
After 4 yr of growth under conditions of elevated CO 2 , roots of Douglas-fi r seedlings had signifi cantly increased water-soluble extractives concentration (%WSE) and nonpolar extractives concentration (%NPE). Th e elevated CO 2 conditions had little eff ect on the concentration of N, cellulose, and lignin of the root material. Elevated temperature showed no eff ect on root substrate quality except it increased %WSE and decreased %lignin of fi ne roots. Th us, exposure to elevated CO 2 and temperature slightly increased the substrate quality of Douglas-fi r roots. No significant interactions were observed between CO 2 and temperature treatments on substrate quality of roots except for %WSE of fi ne roots. Short-term root decomposition (≤ 9 mo) in the fi eld indicated that roots originating from the ambient CO 2 -ambient temperature exposure decomposed the slowest compared with the roots from the other treatments. However, over a longer-term incubation period (9-36 mo) eff ects of initial substrate quality on root decomposition diminished. Instead, the incubation site signifi cantly controlled root decomposition. Th is study suggests that increasing atmospheric CO 2 had little eff ect on the carbon storage of Douglas-fi r old-growth forests of the Pacifi c Northwest.
